Summary. In this study, the effect of different energy sources used in Eagle's minimum essential medium on the meiotic maturation of mouse oocytes in culture was examined. 
Introduction
The isolated oocyte-cumulus cell complex has been a popular model system for studying the control of meiotic maturation in mammalian oocytes. Removal of oocytes from Graafian follicles releases them from inhibitory constraints that originate in the somatic compartment of the follicle and leads to spontaneous germinal vesicle breakdown in culture. Supplementation of medium with agents that stimulate the production of cAMP prevents the resumption of maturation (Tsafriri et al., 1982; Eppig & Downs, 1984) . This inhibitory influence can, in turn, be abolished by the addition of stimulatory ligands such as follicle-stimulating hormone (FSH), epidermal growth factor (EGF) and mitogenic lectins that induce germinal vesicle breakdown despite the continued presence of inhibitory agents within the medium (Dekel & Beers, 1978; Downs et al., 1988; Fagbohun & Downs, 1990) .
Previous studies have addressed the energy requirements of mammalian oocytes undergoing spontaneous meiotic maturation in culture. In mice, it was shown that denuded, cumulus cell-free oocytes do not exhibit spontaneous maturation when glucose is the sole energy source, but do undergo germinal vesicle breakdown in the presence of pyruvate or oxaloacetate (Biggers et al., 1967) . Cumulus cell-enclosed oocytes, however, resume nuclear maturation in glucose-containing medium (Biggers et al., 1967) , because cumulus cells metabolize glucose to pyruvate that is then made available to the oocyte (Donahue & Stern, 1968 ; Leese & Barton, 1985) . It is also well established that cumulus cells mediate the stimulatory action of a number of ligands in promoting germinal vesicle breakdown in cultured oocytes (Downs et al., 1988; Fagbohun & Downs, 1990) . It is therefore likely that modulation of both the type of energy source and its concentration within culture medium plays a vital role in the meiotic response of the oocyte in vitro.
Studies from this laboratory involving in vitro oocyte maturation have used Eagle's minimum essential medium (MEM) containing D-glucose, pyruvate and glutamine as potential energy sources. The present study was carried out to determine the relative importance of each of these components in meiotic maturation of the mouse oocyte in culture, with particular emphasis on ligand-stimulated germinal vesicle breakdown. The data demonstrate that in the absence of cumulus cells, pyruvate is indeed the important energy source in supporting both meiotic maturation and oocyte viability. However, in cumulus cell-enclosed oocytes, glucose is the critical energy source, particularly for induction of meiotic maturation by FSH and Concanavalin A (ConA).
Materials and Methods
Experimental protocols and culture conditions C57BL/6J SJL/J F, female mice, [19] [20] [21] [22] days old, were used in all experiments. Mice were primed with 5iu pregnant mares' serum gonadotrophin (Diosynth, Inc., Chicago, IL) and killed by cervical dislocation 48 h later. Ovaries were placed in medium containing 200 pmol 3-isobutyl-l-methylxanthine 1" ' (IBMX: Aldrich Chemical Co.
Inc., Milwaukee, WI) to maintain meiotic arrest throughout the isolation procedure. Large antral follicles were punctured with sterile needles to release the cumulus cell-enclosed oocytes. Denuded oocytes were obtained by repeated pipetting of the cumulus cell-enclosed oocytes with sterile pasteur pipettes. Unless otherwise specified, cumulus cell-enclosed oocytes and denuded oocytes were washed in four changes of IBMX-free medium before transfer to 1 ml of test medium in stoppered borosilicate culture tubes, and cultured at 37°C for various periods. Tubes were gassed with a humidified mixture of 5% 02, 5% C02 and 90% N2.
For the cumulus expansion experiment, cumulus cell-enclosed oocytes were isolated in inhibitor-free medium, washed and then transferred to 3 ml of appropriate test medium in 35 mm Petri dishes (Falcon no. 1008, Falcon Plastics, Los Angeles, CA). These were placed in modular incubator chambers (Billups-Rothenberg, Del Mar, CA), gassed and cultured in a water-jacketed incubator for 17-18 h at 37°C. The degree of expansion was assessed according to a subjective scale as described by Fagbohun & Downs (1990) .
The culture medium used for all these studies was Eagle's minimum essential medium (MEM) with Earle's salts and antibiotics. The concentrations of energy substrates were 5-5 mmol D-glucose C'; 0-23 mmol pyruvate 1_1 and 2 mmol glutamine 1_1. For oocyte maturation experiments, the medium was supplemented with 3 mg crystallized lyophilized bovine serum albumin ml"1 (ICN ImmunoBiologicals, Lisle, IL) and cumulus expansion experiments were carried out in MEM containing 5% fetal bovine serum (FBS: Hyclone Laboratories, Inc., Logan, Utah). For the maturation kinetics experiment denuded oocytes were cultured in the same energy supplement variations but this time in 100 µ drops of medium under oil, and were examined after 3, 6, 12 and 21-22 h of culture. At each time point the number of dead oocytes was determined and the nuclear status in the remaining viable oocytes was assessed. (Fig. 1) . Kim & Schuetz (1991a) (0) 145 (94) 147 (97) 150 (99) 152 (100) 9 (11) 12 (17) (10) (0) 128 (96) 129 (96) 129 (97) 131 (99) 139 (95) 136 (98) 135 (100) 134 (99) 150 (96) 148 (98) 149 (99) 150 (99) 36 (19) 44 (24) 34 (19) 21 (12) 236 (96) 240 (98) 241 (98) 241 (98) 4 (20) 1 (50) 1 (1) 21 (11) 36 (20) 89 (59) 104 (68) 153 (99) 154 (100) 77 (50) 88 (57) 146 (94) 155 (100) 11 13 13 13
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94 (53) 106 (60) 156 (89) 184 (99) 33 (20) 33 (20) 34 (20) 34 (20) 17 (10) 24 (15) 28 (17) 28 (17) 12 (7) 18 (11) 18 (11) 18 (11) 52 (22) 56 (23) 59 (24) 61 (25) 1 (0-4) 1 (0-4) 1 (0-4) 1 (0-4) Fig. 1 was carried out using cumulus cell-enclosed oocytes but with three different treatments. Oocytes were cultured for 17-18 h in control medium or in medium containing dibutyryl cAMP, the latter either with or without 01 µg FSH ml-1 (Fig. 2) . When The addition of dibutyryl cAMP to the medium resulted in significant suppression of spontaneous meiotic maturation in all instances except the pyruvate-alone group (Fig. 2b) . While (Fig. 4) 19%, 83% and 98% in the presence of 25, 100 and 250µ 1 phloretin 1, respectively (Fig. 5a) . The effects of µ phloretin l"1 were next tested on germinal vesicle breakdown in cumulus cell-enclosed oocytes induced by ConA or FSH when meiotic arrest was maintained with 300µ 1 dibutyryl cAMP I"1. Phloretin had no effect on the meiotic arrest maintained by dibutyryl cAMP alone, but this compound eliminated the stimulation of maturation in both treat¬ ment groups (Fig. 6 ). In addition, this action was reversible. When, after 17-18 h of culture in both phloretin-containing treatment groups, oocytes that were still at the germinal vesicle stage were washed free of inhibitor and cultured for more than 6 h in control media, over 95% resumed meiotic maturation; and, if cultured long enough, many extruded a polar body. Phloretin had a similar suppressive effect on cumulus expansion. In the presence of 100 µ phloretin I"1, the cumulus expansion index in complexes from control medium was not affected, but in all cultures in which expansion was stimulated, phloretin prevented expansion of the cumulus oophorus (Table 2) . Moreover, when the phloretin-treated complexes were then washed and cultured overnight (21-24 h) in medium containing 1 mmol 8-Br-cAMP 1, expansion did occur (Table 2 ). These results demonstrate that the viability of the cumulus cells was not compromised by phloretin treatment, and that the effects of the inhibitor were reversible. (Rogers & Yanagimach, 1975; Niwa & Iritani, 1978; Rogers et ai, 1979; Morgan & Faik, 1981) . In FSH-treated (Fig. 7a) and ConA-treated (Fig. 7b) It has previously been shown that pyruvate alone supports spontaneous meiotic maturation of denuded mouse oocytes in vitro (Biggers et al., 1967) . The data reported here are consistent with this finding. In addition, pyruvate was important for maintaining oocyte viability. Neither D-glucose nor glutamine, either alone or in combination, could substitute for pyruvate, which indicates a role for pyruvate in supporting both the health of the oocyte and in promoting meiotic maturation. The maturation kinetics experiment demonstrated that the lower frequency of germinal vesicle breakdown observed in pyruvate-deficient medium was due to an actual suppression of oocyte maturation and not to the reformation of germinal vesicle-like structures, as has been shown to occur in spontaneously maturing (Kim and Schuetz, 1991a) and metaphase II-arrested (Kim & Schuetz, 1991b ) mouse oocytes in pyruvate-free medium. An increase (as a percentage of the total number of oocytes cultured) in oocytes demonstrating nucleolus-like structures after 12 and 21-22 h in the pyruvate group supplemented with FBS was observed. However, it is impossible to determine whether the increase in the number of oocytes containing these structures was due to a component of FBS directly affecting their appearance or was an indirect result of the increased viability of the oocytes in FBS-supplemented medium. A requirement for oxygen for the beneficial effect of pyruvate on oocyte maturation has been demonstrated (Haidri et al., 1971; Zeilmaker et al., 1972 ). The gas phase in the present experiments included 5% 02, so it is possible that oxidative metabolism of pyruvate provides conditions conducive to oocyte maturation that are not present in the absence of this energy source. However, this may not be true for oocytes of other mammalian species. For example, pyruvate cannot serve as the sole energy source for ova from rats (Zeilmaker & Verhamme, 1974) or rabbits (Bae & Foote, 1975; Kane, 1972) .
The presence of cumulus cells profoundly influences the meiotic response of mouse oocytes in culture. MEM containing D-glucose, pyruvate or glutamine alone supported high percentages of viability and meiotic maturation in cumulus cell-enclosed oocytes in inhibitor-free medium. Cumulus cells metabolize glucose to pyruvate (Donahue & Stern, 1968; Leese & Barton, 1985) that the oocyte can use as an energy source (Biggers et ai, 1967; Eppig, 1976 (Zielke et al., 1984) and can support the spontaneous maturation of rabbit oocytes in the absence of carbohydrate (Bae & Foote, 1975 (Koobs, 1972) by oocyte-cumulus cell complexes. Since 3-O-methylglucose cannot be metabolized but the other sugars can be at least partially metabolized (see below), the effects of these agents are unlikely to result from a direct action on the membrane glucose transporter but, rather, to a mass action effect through increased glucose use; (2) 2-deoxyglucose completely suppressed ligand-stimulated oocyte maturation. This glucose analogue is phosphorylated by hexokinase with the resultant accumu¬ lation of nonmetabolizable 6-phospho-2-deoxyglucose; this, in turn, irreversibly blocks further glycolytic activity (Wick et al., 1957 (Harris & Kutsky, 1953; Eagle et al., 1958; Melnykovych & Bishop, 1972; Burns et al., 1976; Faik & Morgan, 1976; Scanneil & Morgan, 1980) . Similarly, previous studies have demonstrated that glucose and mannose are more effective than fructose in facilitating sperm capacitation and penetration of eggs in vitro (Niwa & Iritani, 1978; Rogers & Perrault, 1990 (Lindner et al., 1974) , even though it stimulates respiration in isolated oocyte-cumulus cell complexes (Hillensjo et al., 1975) . In addition, glycolytic activity in rat ovarian follicles can be dissociated from meiotic maturation. Treatment of isolated follicles with gonadotrophin results in increased glucose uptake and glycolysis (Ahren et ai, 1969; Nilsson, 1974; Hillensjo, 1976; Tsafriri et al., 1976) , and isolated granulosa cells exhibit increased lactate production in vitro in response to gonadotrophin stimulation (Hillier et ai, 1985; Harlow et al., 1987) . At a low concentration of the glycolytic inhibitor iodoacetate, gonadotrophin stimulation of lactate production in cultured follicles was prevented but resumption of meiotic maturation was unaffected; at a higher con¬ centration both activities were suppressed (Tsafriri et al., 1976 ). These data demonstrate that suppression of follicular glycolytic activity did not necessarily affect oocyte maturation. However, the response of the entire follicle may not reflect the microenvironment of the oocyte-cumulus cell complex within the follicle; for example, the small contribution of the complex to the total follicular response may be masked by the greater amount of membrana granulosa tissue in the follicle. This idea is supported by the observation that, while oxygen consumption by isolated membrana granulosa cells increases in response to gonadotrophin stimulation (Hamberger, 1968) , oocytecumulus cell complexes exhibit a reduced respiratory rate (Hillensjo et ai, 1975; Dekel et ai, 1976;  Billig & Magnusson, 1985) . This change in metabolism by cumulus cells may reflect increased glycolysis which would provide suitable substrate for oocyte respiration (Dekel et ai, 1976) . Indeed, cumulus cells exhibit increased lactate production in response to gonadotrophin treatment in vitro (Billig et al., 1983; Billig & Magnusson, 1985) . Although the reduction in respiration by complexes is associated with increased respiration by the oocyte, these changes occur only after resumption of meiotic maturation (Magnusson et ai, 1977; Magnusson, 1980 (Downs, 1990) . Glutamine is required for the de novo synthesis of purines and may influence oocyte development through modulation of de novo pathway activity. Glucose may have varied effects on purine metabolism through the generation of ribose-5-phosphate via the pentose phosphate pathway. The pyrophos¬ phate of ATP is added to this compound to form phosphoribosyl pyrophosphate (PRPP) . PRPP serves as an early substrate for de novo purine synthesis and is also a cosubstrate with hypoxanthine or guanine for the salvage enzyme hypoxanthine-guanine phosphoribosyltransferase. Pyruvate has been shown to have protective effects on oxygen radicals, and the possibility has recently been raised that the positive actions of pyruvate on development may be related to this capability (Leese, 1990 ).
The present study has shown that altering the types of energy substrates in culture medium can dramatically influence both spontaneous and ligand-induced meiotic maturation in isolated mouse oocytes. It will be important to determine in future experiments how different energy sources and their relative concentrations affect glycolysis as well as the TCA cycle and respiratory activity in the oocyte and oocyte-cumulus cell complex, and how this affects meiotic maturation. It is important to emphasize that spontaneous and ligand-induced meiotic maturation are under separate metabolic control insofar as energy substrate requirements are concerned. It is also clear that manipulation of energy substrates in culture medium can determine whether a particular medium is inhibitory to meiotic maturation or promotes germinal vesicle breakdown. These are important considerations when analysing the effects of exogenous factors on oocyte maturation and may prove critical in devising optimal media for the cytoplasmic maturation of oocytes in vitro.
